Clinical guidelines are being developed for the purpose of reducing medical errors and unjustified variations in medical practice, and for basing medical practice on evidence. Encoding guidelines in a computer-interpretable format and integrating them with the electronic medical record can enable delivery of patient-specific recommendations when and where needed.
Introduction 1
Recent trends in health care delivery have led to an increased emphasis on the development of 2 guidelines for prevention, diagnostic work-up, treatment, and patient-management. The flurry of 3 development is motivated by concerns about marked variations in clinical practice and evidence 4 of a surprisingly high incidence of medical errors and sub-optimal care [1] . Much work goes into 5 the development of high quality guidelines, in reviewing literature and evaluating alternative 6 strategies, with the aim of making the guidelines as evidence-based as possible [2] . Guidelines 7 thus developed are intended to help provide a common standard of care both within a health care 8 organization and among different organizations. 9
Guidelines have been disseminated in many forms, by publishing them in magazines and 10 journals, textbooks, CD-ROMs, and on the Web. While electronic dissemination has broadened 11 their reach, and enables guidelines to be retrieved even in clinical settings, most guidelines have 12 typically been specified as non-computer-interpretable narrative text or in flow chart formats. 13 This imposes a number of limitations on the usefulness of the guidelines, because they cannot be 14 validated as thoroughly as if they were fully computer-interpretable; furthermore, in applying 15 them, they cannot take into account clinical data so as to provide patient-specific 16 recommendations. 17 For better integration of guidelines into the clinical workflow and to provide point-of-care 18 patient-specific recommendations, they are increasingly being implemented using computer-19 based systems [3, 4] . Yet a major obstacle in the implementation of guidelines on a large scale in 20 computer-based decision support systems is the additional effort, beyond creating the guidelines 21 themselves, required for representing them in a structured, computer-interpretable format. 22 Further, even guidelines that are encoded often cannot be shared across institutions or even 1 across different types of applications, because of differences in formatting or encoding 2 conventions. Sharing encoded guidelines could potentially reduce the cost of implementing 3 guidelines in a large-scale computer-based decision-support system. The lack of a standard 4 representation format for guidelines causes them to be encoded in a proprietary or institution-5 specific format. Other barriers to sharing include the frequent need for local adaptation and 6 modification of the guideline due to institution-specific needs, and the varying kinds of technical 7 applications (such as results-reporting or order-entry) and systems environments in which a 8 guideline will be used. 9
In this paper, we argue that the creation of a common guideline-representation format is critical 10 to sharing of the knowledge in guidelines across institutional, national, and medical domain 11 boundaries [5] . In order to be widely usable and acceptable as a basis for execution in clinical 12 applications and systems, such a common format for computer-interpretable guidelines (CIGs) 13 must be based on an understanding of the variability that exists in guidelines and their 14 applications. We then identify usage requirements for CIGs, and accordingly identify the features 15 that must be represented and requirements for a dissemination framework that facilitates 16 implementation. 17
Background

18
Sharing of CIGs needs to be founded on an approach to both dissemination and integration into 19 practice that recognizes not only the wide variation of guidelines and their applications, but also 20 the multiplicity of practice settings and information systems environments within which they 21 must operate. The guideline is then disseminated via publication in the scientific literature, a monograph, or 5 even via the Internet. Assumptions underlying this model of development and dissemination are 6 that practitioners will read the guidelines, internalize the knowledge contained within them, and 7 subsequently recall and use this knowledge at relevant times during clinical practice. 8
The interest in CIGs is based on evidence that the assumptions above are not valid and that 9
computer-based decision-support systems have substantial impact on patient care decisions [6] . 10 For CIGs, the expected usage model is different from that of narrative guidelines. Rather than 11 being passively read and later remembered, CIGs can respond to clinical context and known 12 patient data to make context-specific, patient-specific recommendations at the point of care. How 13 guidelines are integrated with care can vary enormously, and is subject to much experimentation, 14 in terms of interface, platform, and kinds of applications. But for all of these, the common 15 element is the need to go beyond the development of narrative guidelines, by including an 16 additional phase, for encoding the guidelines into a structured format (Figure 2) . 17
CIGs can be distributed via the Internet. One might consider that once this is done, local 18 organizations will download selected guidelines from the publishers' Web sites (or from online 19 compendia such as the National Guideline Clearinghouse at http://www.guidelines.org) for 20 integration and use within their settings. However, the problem is more complicated. In order to 21 use a CIG locally, a clinical practice must take care to reconcile the variability that exists in 22 scope and focus of the guideline in relation to its own care processes, the methods for local 23 1. Institutions use proprietary formats and translate CIGs distributed by publishers in other 1 formats into their own format. 2 2. CIGs are not shared as files but as decision-support services provided through standard 3 application programming interfaces (APIs) adopted by all systems. 4 3. A common format for CIGs is adopted by all institutions. Guideline publishers encode and 5 distribute CIGs in this common format, and they are interpreted by system-specific 6 interpreters. 7
The first approach has limitations in that it may not be possible to translate from one format to 8 another because of syntactic and semantic incompatibilities among formats. Current guideline-9 modeling formats differ significantly in this respect. Furthermore, translators are costly to build 10 and maintain. It may not be feasible to have translators that translate among several different 11 formats. The DARPA Knowledge Sharing Effort in the early 1990s took a translation approach 12 to knowledge sharing [16] . Even though that effort generated many insights into the problems of 13 knowledge sharing, the translation approach has not taken off as a widely adopted technique. 14 The PRODIGY project [12] in the United Kingdom has successfully pursued the second 15 approach--that of providing guideline recommendations via external decision support services. record queries and the lack of a common vocabulary [18, 19] . Nonetheless, the size and 10 complexity of MLMs is usually much less than that of CIGs. MLMs can therefore be encoded 11 and implemented with relative ease without a significant need for sharing MLM files. In the case 12 of CIGs, the complexity of their logic and flow makes their sharing more critical. 13
Requirements of a format for sharable guidelines
14
As a first step toward creating a common representation format for sharable computer-15 interpretable guideline, requirements should be elicited that define the functionalities that the 16 common format needs to support. In this section, we identify requirements based on the factors 17 discussed in earlier sections and examine solutions for these problems proposed by various 18 investigators. 19
Representation of different types of guidelines 20
As was discussed in Section 2.1, guidelines are developed for a variety of conditions and 21 applications. Representation formats that are suitable for one type or application of guidelines 22 may often be less optimal for other applications. For example, representations of patient state are 1 not needed in simple alert and reminder applications, such as those that use Arden Syntax 2 MLMs. However, representations for state are important for implementing care plans that are 3 more complex and of longer duration [20] , thereby limiting the use of Arden Syntax in these 4 types of applications. As another example, consider a clinical-trial protocol that could be 5 modeled as a graph, the nodes of which represent visits for screening, treatment, and follow-up. 6
Each node could contain information on time-schedule, patient-care actions, and administrative 7 actions for that visit [21] . The model would also contain concepts for representing adverse events 8 and their management. A model such as this that contains application-specific constructs would 9 find less reusability in representing many other types of guidelines. 10 An approach based on using different formats for different types of guidelines has several 11 limitations that affect sharability: software tools and components (such as authoring tools and 12 decision-support engines) that are created for applications of one type of guideline cannot be 13 reused in other contexts. Furthermore, knowledge engineers would need to gain expertise in 14 multiple representation schemes. 15 To overcome this problem, several representation schemes are being developed that aim to allow 16 modeling of many different types of guidelines [22] [23] [24] . Generally, these representations provide 17 components that are low-level or primitive abstractions of concepts required for describing 18 decisions, recommended actions, and clinical states of patients. However, authoring of guidelines 19 using such primitives can be more cumbersome and time-consuming than if the guideline were 20 encoded in an application-specific model such as the representation for clinical-trial protocols 21 mentioned earlier [25] . Furthermore, encoding guidelines using low-level primitives produces 22 flowcharts that may be visually complex. Approaches to managing such complexity that have 23 been proposed include (1) specializing a general model to compose guideline models that match 1 requirements of different classes of guidelines [26] and (2) building high-level constructs 2 specific to each type of guideline that can be mapped to a procedural pattern of the knowledge 3 representation primitives [27] . 4
Local adaptation of guidelines 5
Due to variations in health care settings, guidelines developed by national organizations, medical 6 specialty organizations, or under other broad aegis, often need to be modified before 7 practitioners find them suitable for local use [28] [29] [30] . Reasons for this local adaptation 8 requirement include variations among settings due to the type of institution (e.g., hospital vs. 9 office), location (e.g., urban vs. rural), differential availability of equipment and medications, 10 dissimilarity of patient population (e.g., as reflected in prevalence of the disease), and local 11 policies and workflow patterns. Contextually adapted guidelines may enhance acceptance of 12 evidence-based guidelines by making the guidelines more consistent with local practice and 13 population variations. Moreover, the process of local adaptation may lead to a feeling of 14 ownership by local practitioners, an important factor in acceptance of guidelines [2, [31] [32] [33] . 15 A representation format for sharable guidelines must provide the ability to adapt knowledge 16 contained in guidelines, and track and document modifications to the guideline. Such a 17 methodology would maintain the integrity of the setting-independent guidelines during 18 adaptation, i.e., preserve the intentional objectives. 19 Several approaches have been explored for making guidelines adaptable. One approach is to 20 represent guidelines in a recursive manner where plans are defined in greater detail at successive 21 levels of nesting. At the superficial level, the plans represent the "big picture" or the intentions of 22 the steps of the guideline. Through successive recursions, the high-level plans are refined to 1 atomic plans, which serve as recommendations ( Figure 3) . Thus, modification of details of 2 guideline recommendations can be made at deeper levels of the specification while preserving 3 the intentions of the recommendations (Figure 4 ). This approach of specification of the guideline 4 by recursive refinement is exemplified by Asbru [34] . Fridsma et al have developed an approach 5 where they explicitly model the capabilities and limitations of an organization that wish to adapt 6 a "generic" guideline. A program known as CAMINO assists users to adapt generic guidelines 7 for local use [35] . The CAMINO program provides a series of operators (e.g., addition, deletion, 8 refinement, and substitution) that are applied to a guideline step to adapt it. The program 9 maintains the links between the corresponding steps of the generic guideline and the locally 10 adapted guideline. Miller et al have described a third approach based on parameterization for 11 successfully maintaining multiple versions of a childhood immunization guideline [36] . This 12 approach disassociates decision rules from parameters of the rules (e.g., the parameter age at 13 which the DPT vaccine is due). Parameterization of decision rules provides a simple method for 14 adapting guidelines but has limitations when more complex modification of knowledge is 15 required. A combination of the above methods may provide a more comprehensive solution for 16 adapting guidelines to local contexts. 17
Integration with institutional systems 18
In order for guidelines to be more acceptable for clinical use, they should be integrated into the 19 workflow. The goal is for them to be triggered in appropriate patient-specific contexts, to 20 respond to and utilize already known patient data values, to utilize the multiple sources of 21 information available (patient, physician, nurse, others), and to optimize the conduct of various 22
actions (e.g., pre-visit testing, preparations, and information provision), the organization of 23 subsequent actions, and the dispatch of relevant information to those responsible for the actions 1 [37] . To achieve this, guidelines must be integrated with clinical information systems, such as 2 electronic medical record systems (EMRs), physician order-entry systems (POEs)
In order to enhance sharability of guidelines, the effort required in integrating them with 9 institutional clinical information systems needs to be minimized. However, the inadequacy of 10 existing standards in EMRs and POE systems, in interfaces to these systems, and in adopting 11 medical vocabularies [38] , makes it challenging to map to individual systems the patient data and 12 recommendations in a portable, sharable guideline. 13
One approach to reducing the integration effort is to separate the system-dependent data 14 references from the medical knowledge (Figure 5a ). This approach is exemplified in the medical 15 logic modules (MLMs) of Arden Syntax [17] , a standard for the representation of medical rules 16 for alerts and reminders. In Arden Syntax MLMs, institution-specific mappings to patient data 17
are separated into what is known as the data section. Within this section, the mapping of each 18 data reference to an entry in the local EMR system is enclosed in a pair of curly braces. 19
Significant effort is required for the mapping of data items and testing of these mappings at each 20 institution. Furthermore, because this mapping must be performed manually at every institution, 21 the approach is error-prone due to the possibility of misinterpretation of data items needed [39] .
typically contain references to many more data items and recommendations than are contained in 1 single MLMs. 2
In contrast, the PRODIGY and EON systems [40] use an approach that defines a shared schema 3 of the EMR (Figure 5b ). This shared schema is referred to as the Virtual EMR. Mappings are 4 created from the virtual EMR to actual EMR systems. Queries for patient data in the guideline 5 are written against the virtual EMR schema. At execution time, the references to patient data in 6 the virtual EMR are resolved to entries in the physical EMR. This approach allows sharing to 7 occur at a higher level since mappings between the virtual EMR and the guideline are performed 8 once for each system and can then be used for all guidelines in a system. The PRODIGY system 9 has implemented several primary-care guidelines using this approach in at least two different 10 clinical information systems. In contrast, the approach used by the Arden Syntax-based MLMs 11 requires mappings to be performed for each MLM. Further, the virtual EMR approach provides 12 an unambiguous way to reference a patient-data item. 13 Standards are evolving that would support portable mapping of patient data references in 14 guidelines and MLMs to the electronic medical record. Efforts at HL7 are focusing on creation 15 of a reference information model (RIM) for patient data [41, 42] . The RIM is intended to be used 16 as the underlying data model for all HL7 standards. The RIM attempts to build a shared 17 information model for the EMR and decision-support systems [43] . The RIM contains classes for 18 medical data (e.g., Observation, Medication), attributes of these classes, and relationships among 19 the classes. It may be possible to use the RIM as the basis for developing a standard interface to 20 EMR systems [44] , similar to the Virtual EMR interface described above. 21 While the RIM provides the data structures for patient data, there also need to be complementary 22 standards for the terminologies that form the content of these structures [45] . However, currently, 23 most clinical information systems do not share vocabularies even for the same applications. In 1 implementing guidelines containing terms from standard vocabularies, a mapping will need to be 2 created to terms in the locally used vocabularies [46, 47] . abstractions contained in guideline criteria, in terms of the patient data available in the EMR 15 [48] . Such abstractions, for example, can consist of the following: 16 1. Classifications (e.g., whether a patient has ischemic heart disease, which must be derived 17 from entries in a problem list) 18 2. Temporal inferencing (e.g., if patient has a chronic cough, to be concluded from episodic 19 encounter data) 20
The concept model allows expression of such abstractions without necessarily specifying how 1 these expressions must be resolved. The guideline-execution engine, for instance, may evaluate 2 criteria via calls to external knowledge bases and by using classification axes in standard 3 vocabulary systems. Limitations have been found, however, in coding systems such as the 4 National Drug Codes (NDC) for use in decision-support applications [49] . NDC codes have 5 redundancies, are not permanent, are reused over time, and importantly map to brands and 6 packages of drugs and not to classes of drugs. 7
Multiple modes of use 8
Computer-interpretable guidelines can potentially be used in different modes. Guidelines can be 9 used interactively for patient-specific decision support and workflow support. Quality assurance 10 applications would use guidelines as benchmarks of quality care, perhaps in a batch-processing 11 mode [10] . Guidelines may be used to drive simulations in educational applications and this may 12 be dependent on the level of expertise of the user. Users may read or browse guidelines as 13 educational and reference resources. The representation format must enable various uses of a 14 guideline by structuring the knowledge in a way that will support its retrieval for all those likely 15 modes of use [50] . For any of these, the interaction format and interface may differ depending on 16 the application. 17
Only a few guideline systems have tried to use the same encoding scheme for different purposes. 18 The Careflow approach developed at the University of Pavia [15] is one example of such a 19 system. In this approach, a high-level guideline encoding supports simulation of guideline-based 20 patient management for educational purpose. The high-level guideline encoding is combined 21 with an organizational model and translated into a Petri net for the purpose of simulating 22 implementation of a guideline in the organization. Finally, a workflow management system 23 implements the guideline in actual clinics to remind clinicians of tasks and decisions that should 1 be performed. 2
More typically, guideline models are explicitly designed for a specific set of uses. We have 3 proposed in GLIF3 the use of a multi-layer representation for guidelines [22] . The top layer 4 structures the guideline as a "human-readable" flowchart. The steps of the guideline, and the 5 associated objects such as recommendations and decision criteria have names and descriptions in 6 narrative text. Additionally, supplemental material objects can be added to each step. The 7 supplemental materials can be used for a variety of purposes including providing rationale for 8 recommendations, and details of tasks such as linking to drug reference sources. Deeper layers of 9 representation of guidelines in GLIF3 are intended to encode them for machine interpretation, 10 execution, and for local adaptation/host system mapping. 11
The EON system conceptualizes the decision-support functionality provided by a clinical 12 guideline as a set of abstract tasks --goal setting, decision making, action sequencing, data 13 abstraction, and action refinement --and organizes the guideline model in terms of different 14 methods for performing these tasks. The segmentation of the guideline knowledge into this set of 15 abstract tasks may allow reuse of the knowledge in different situations where these specific tasks 16 are relevant. Thus, specification of goals for a section of the guideline allows one to use the 17 guideline for automatically measuring compliance. 18
Revision management of guidelines 19
Guidelines are revised occasionally by organizations that developed them in response to new 20 biomedical knowledge and experience obtained from using the guidelines. For example, a 21 guideline for treatment of HIV infections was recently revised [51] to recommend "… patients 22 with fewer than 350 CD4 + T cells/mm 3 should be offered therapy…" where previous versions of 1 the guideline [52] recommended "… treatment should be offered to individuals with fewer than 2 500 CD4 + T cells/mm 3 …." When revised guidelines are disseminated, they must be reintegrated 3 into the local clinical settings. The revisions must be synchronized with the changes previously 4 made to the guideline for local adaptation and integration. In order to enable easy 5 synchronization of revised guidelines with local adaptations of earlier versions of the guideline, 6 the changes in the revised guideline should be identified in detail. The revision markup must 7 identify the type of modification made to the revised components of the guideline (such as 8 whether a recommendation was modified, deleted or added), and the reason why the change was 9
made. In addition, other components that are affected or jeopardized by the changes must also be 10 identified [53]. 11
A model for dissemination and integration of sharable guidelines
12
The model for dissemination portrayed in Figure 2 is inadequate to support the requirements 13 listed in the previous section. We augment this dissemination model to accommodate the ability 14 to adapt guidelines for local practice preferences, integrate guidelines into the information 15 systems environment, and synchronize with revised versions of the guideline (Figure 6 ). In the 16 augmented model, the guideline is downloaded, its content adapted to local practice preferences, 17 and then it is integrated with the electronic medical record system and order-entry system. When 18 revisions of the guideline are published, the revised guideline is downloaded, unmodified 19 sections of the revised guideline are automatically synchronized with the previous local version 20 of the guideline, and the modified sections are then manually adapted and integrated. 21 reimbursement issues, or non-availability of resources to carry out recommendations [54] . 11
Discussion
Many problems with guideline adherence can be addressed by computer-based implementation 12 of guidelines. A number of systems for delivering guidelines and guideline-based advice to 13 clinicians have been developed [13, 15, 22-24, 34, 55-60] . A huge corpus of guidelines has been 14 developed as well, but only a few of these have been encoded in computer-based format other 15 than for simple dissemination as CD-ROM or Web documents. As a result, most have not had a 16 significant impact on practice at the point of care and are, rather, simply consulted occasionally 17 as references. 18
The effort required to create medically valid, evidence-based, robust guidelines is enormous, as 19 attested to by the experience of various study groups and professional organizations that have 20 undertaken the task. Considerable further effort is required to encode guidelines in computer-21 based form using any of the existing guideline-authoring environments. Still additional effort isrequired to integrate guidelines into actual applications that practitioners will find useful and 1 desirable, and to adapt the guidelines to local constraints, preferences, and idiosyncrasies. The 2 best way to do this remains to be found, requiring much experimentation both by academic 3 researchers and by healthcare information systems providers. 4
Little experience exists to determine which modes of guideline use have the largest potential 5 benefit in terms of enhancing quality of patient care, lowering costs, and improving adoption of 6 best practices. The adoption of approaches described here will facilitate the development of more 7 applications so that they can be evaluated for effectiveness. This will in turn identify the 8 particular functional requirements of those applications that are successful, helping us to 9 ascertain those capabilities that need to be supported by a sharable representation, or where 10 support needs to be improved. Thus we expect that a sharable representation will evolve over 11 time to incorporate or enhance support of those features that are identified as most important. 12
Our focus on functional requirements of a representation format for sharable guidelines is aimed 13 primarily at enabling applications to be developed and explored. Our goal, in turn, is ultimately 14 to be able to deliver on the promise of guidelines by integrating them into practice in ways that 15 can be demonstrated to enhance quality. While computer-based representations are required, 16 sharability is also essential if the best guidelines are to be able to be used soon in multiple 17 experimental and test-bed systems, and eventually routinely throughout the healthcare 18 Step I Diet
Step II Diet dietary control inadequate Figure 3 . A cholesterol management guideline specified in a hierarchical format. This guideline consists of the broadly outlined steps: Assess risk for coronary artery disease, Cholesterol management, and Intensive cholesterol management. Each of these steps is specified in more detail through the nodes contained in it.
Dietary therapy
Perform baseline nutritional assessment
Step 1 Diet Reduce saturated fat intake < 10% of total caloric intake and cholesterol < 300 mg/day Cholesterol monitoring LDL cholesterol assay every 3 months
Step II Diet 
